A database of dermal exposure measurements (DERMDAT) comprising data from 20 surveys was created. The majority of dermal exposure measurements were from agricultural settings in which workers' exposure to pesticides was investigated. Other data came from studies of workers exposed to polycyclic aromatic hydrocarbons (e.g. coke-oven workers and paving workers) and from studies of subjects exposed to complex mixtures (rubber industry). The database contains approximately 6400 observations. Grouping the workers by job title, factory and body location and excluding groups with more than 25% data below the limit of detection, or with less than two workers with at least two repeats, resulted in 283 groups with 1065 workers and 2716 measurements.
INTRODUCTION
The field of dermal exposure to chemicals emerged from agriculture and was directed to exposure to pesticides (Durham and Wolff, 1962) . Developments of measurement methods for dermal exposure have been slow when compared to the developments for exposure to particulate matter and gases and vapours. While for instance the measurement of particulate matter was standardised and design and performance of different samplers reviewed, measurement of pesticides on the skin has basically stayed the same for more than four decades (Durham and Wolff, 1962; OECD, 1997) . For measurement strategies we see a similar picture, with developments for respiratory exposures from worst-case approaches to more elaborate sampling strategies that take into account within-and between-worker components of exposure variability (Lyles et al., 1997) . Measurement strategies for dermal exposure hardly exist and have been predominantly developed for registration purposes of pesticides. Starting with the WHO and EPA protocols in the eighties (WHO, 1982; US-EPA, 1985) only fairly recently a new guidance document from OECD was published (OECD, 1997) . Structural attention to temporal and personal variability in exposure measurements has been almost entirely absent. The distribution of exposure over the body has on the contrary, been extensively studied. The main reason for 258 H. Kromhout and R. Vermeulen this has been that estimates of total body uptake through the skin were needed for risk assessment purposes. Some anecdotal evidence of between-and within-worker variability in dermal exposure can nonetheless be found in the literature. Stamper et al. (1986) reported significant but not extreme variation in average dermal exposure levels between 10 harvesters measured on six consecutive days (TuesdayTuesday in a two-week period). They attributed this variation to differences in work practices among workers harvesting tree crops. Fenske (1993) claimed that because of highly variable source strength due to decomposition of pesticides and differences in work practices and hygienic behaviour both within-and between-person variability of dermal exposure in agricultural settings will be greater than that of corresponding respiratory exposures. A few years later OECD stated that 'the inherent variability in (dermal) exposure under field conditions is best addressed by increasing the number of subjects, rather than repeated monitoring of the same individuals, as variability between workers is generally greater than that encountered when monitoring the same worker' (OECD, 1997). However, de Cock et al. (1998) showed for 126 re-entry workers from 32 fruit farms that between-body-location variability was the largest variance component, followed by day-to-day variability and differences between tasks. Between-worker variability in average exposure was absent, when adjusted for these other variance components.
In the WAUNC database (Kromhout et al., 1993 ) some dermal measurements were available mainly from the rubber manufacturing industry. These measurements showed a larger total variability than respiratory exposures, due to increased betweenworker differences. The authors like Fenske (1993) , suggested differences in personal behaviour to be responsible for this phenomenon. Nigg and Stamper (1985) concluded more than a decade ago that knowledge of sources of variation encountered in dermal exposure studies would be helpful to design more rational field studies. In order to get a better understanding of the temporal (day-today), personal (between-worker) and spatial (between-body-locations) variability a database (named DERMDAT) was constructed of about 6400 dermal exposure measurements from a variety of industries. All measurements were personal measurements and sampling took place either at more than one body-location, or on at least two occasions. This paper describes the database, summarises the variance components, and describes factors that contributed significantly to these variances. This information was used to give guidance for future measurement strategies.
MATERIALS AND METHODS
The database was created out of existing field studies and comprises the data from 20 surveys. The data sets were collected from literature (N = 1), from the archives of our own group (N = 11) or were provided by other research groups (N = 8). Most of the studies (N = 13) have been published in the open literature (Boleij et al., 1991; Brouwer et al., 2000; de Cock et al., 1998; Kromhout et al., 1994; Nigg et al., 1984; van Rooij et al., 1993 van Rooij et al., , 1994 van Wendel de Joode et al., 1996; Vermeulen et al., 2000a,b) . Data were collected between 1982 and 1999. The database was elaborated by the authors either from the actual papers or data sets provided by the researchers. The database consists of the variables listed in Table 1 . The authors coded the variables after consulting the original researchers.
Variance components were estimated in two ways. First for each group defined by job code and location (factory or farm), having at least two workers with at least two measurements per worker, the within-and between-worker variance components (respectively w S 2 y and b S 2 y ) were estimated for each body-location measured. Groups with more than 25% of their observations below the limit of detection were excluded. Secondly, for the groups with measurements of multiple body-locations measured for more than one day the between-body-location variance component ( bl S 2 y ) was estimated in addition.
The one-way analysis-of-variance (ANOVA) methods, which were used to estimate the components of variance, have been described extensively elsewhere (Kromhout et al., 1993) . From the variance components the ratios of the 97.5th and 2.5th percentiles of the log-normally distributed exposures for each group were estimated. These ratios designated R. 95 's provided information regarding the ranges of exposures experienced between workers ( b R. 95 ) and within workers from day-to-day ( w R. 95 ), respectively (Rappaport, 1991) .
The nested two-way analysis-of-variance model has also been described previously . In this model day is supposed to be nested in a worker and body-location in both worker and day. The ANOVA table resulting from such a model enables estimation of three variance components, the between-worker variance, the pooled dayto-day variance and the pooled between-bodylocation variance.
The distributions of the variance components and R. 95 's were evaluated by stratifying for several variables, including measurement strategy, monitoring method, exposure scenario and production and environmental characteristics. Wilcoxon's rank sum test (Snedecor and Cochran, 1980) was used to test the significance of shifts of location in the distributions of the variance components.
All statistical analyses were performed with SAS System for Windows (version 6.12) (SAS Institute, 1990). Temporal, personal and spatial variability in dermal exposure Adapted from Schneider et al. (1999) 
RESULTS
In Table 2 the basic characteristics of the DERMDAT database are shown. Twenty-two measurement series from almost 900 workers yielded 6410 observations. The number of groups defined by job title, factory (farm) and body-location was 322. The majority of the studies, groups and measurements originated from The Netherlands (respectively 75, 90 and 80%). The agricultural sector and the rubber manufacturing industry provided more than 90% of the groups. Table 3 presents the measurement strategy characteristics that were used to collect the dermal exposure data. Surrogate skin methods were the method of preference (93%). Measurements with pads were the most popular sampling method (87%). Removal techniques accounted for 5% of all measurements and another 3% of the data were collected applying the VITEA technique (Fenske and Birnbaum, 1997) . The skin compartment was measured in 84% of the observations. In 56% of the measurements either transfer from contaminated surfaces (36%) or direct deposition or emission (20%) to the uncovered skin was monitored. In 28% of the measurements dermal exposure due to transfer from contaminated clothing to the skin was measured. Measuring everybody on random days was the preferred measurement strategy (38%) and the majority of the measurements took place indoor (66%). Duration of sampling showed a distinct bimodal distribution with 20% of the measurements lasting less than 1 h and 25% more than 8 h.
Large differences were apparent between industries for the number of repeats from day-to-day and the number of repeats on a given day (multiple bodylocations). In the studies in rubber manufacturing on average only one body-location was measured, while the studies in agriculture, coke production and the asphalt industry measured on average 6-7 bodylocations. Generally the studies typically lasted for one week only. In more than half of the dermal exposure measurements pesticides were involved, while cyclohexane soluble matter and polycyclic aromatic hydrocarbons were the other main exposures present in the database.
Grouping the workers by job title, factory (farm) and body-location and excluding groups based on the criteria mentioned earlier left 283 groups with 1065 workers and 2716 measurements (Appendix A). These groups came from only 12 of the original 20 studies. Four studies, all from the agricultural sector, had only one person at each farm being measured. Four other studies had no repeated measurements in time, but only repeated measurements within a particular day (multiple body-locations).
In Fig. 1 the cumulative distribution of the between-and within-worker values of the R. 95 's are shown for these 283 groups. Almost 40% of the groups had 95% of the individual mean exposures (per body location) within a factor 2 ( b R. 95 Յ2). On the other hand, almost 35% of the groups had values of b R. 95 >10 and 15% of the groups had b R. 95 >50. In general the day-to-day variability exceeded the between-worker variability, indicating larger temporal differences in exposure than between workers with the same job title and factory (farm). The median values of the total, within-and between-worker geo- Table 4 it is clear that for all exposure scenarios except for exposure by transfer from contaminated surfaces to clothing the median b R. 95 is below 6. Of the 29 groups where the clothing compartment was measured and for which transfer from contaminated surfaces was the main route of exposure, 23 came from a study among sheep dippers. In this data set up to three workers on each farm were classified as having a similar job title (sheep dipper) and location (farm). However, distinct tasks (chucking, paddling and helping) could be attributed to each of them, explaining the very high between-worker differences for this scenario.
Groups, for which transfer from contaminated surfaces to the skin was the main route of exposure, were further studied by industry and measurement method (Table 5 ). Strikingly no between-worker variability was seen for the agricultural groups, while for the industrial groups the b R. 95 varied between 4 and 8. The hand wash method showed less day-to-day variability than the pad method both in agricultural and the asphalt industry. For the rubber industry temporal differences were seen in estimates of the variance components over a 9-yr period while sampling in the same companies. The between-worker variance component decreased over time, while the withinworker component considerably increased.
The distribution of the variance components of measurements of transfer from surfaces to the skin with pads (103 groups) were further studied by stratified analyses for the influence of measurement strategy, environmental and production factors (Table 6) . A random measurement strategy resulted in increased between-worker variability (median factor of 3). Indoor measurements also showed increased between-worker variability (median factor of 6). A local source also led to larger between-worker differences (median factor of 7). No statistically significant effect was seen for 'type of process' and 'worker mobility'. Hardly any influence was seen of all these parameters on the day-to-day variability.
The results of the two-way random effects ANOVA models are presented in Table 7 . It is obvious from Table 7 that differences between-bodylocations are the main source of variability. The dayto-day variability for each body-location separately, as shown in Table 4 (median w S 2 y = 0.47), appears to disappear when more than one body-location is being measured at one time and when results are averaged across body-locations (median w S 2 y = 0.02). For the hand wash method with only two body-locations (both hands) this was not the case. The large betweenworker variability shown for measurements with pads of the clothing compartment was largely determined by eight groups of sheep dippers.
DISCUSSION
The elaborated database described in our paper offered the opportunity to study between-and within worker components of dermal exposure to pesticides and other chemical agents both in agriculture and Temporal, personal and spatial variability in dermal exposure industry. In addition between-body-location variability in dermal exposure could be studied as well. Unfortunately, the number of measurement series available was somewhat limited and in addition measurement methods and strategies appeared to be closely linked to the particular exposure situation. Therefore the picture emerging from this database is far less comprehensive than the picture for respiratory exposure that emerged from another database that was published some years ago (Kromhout et al., 1993) .
Nevertheless comparison of median estimates of both total, within-and between-worker geometric standard deviations for groups defined by job title and location (factory or farm) are strikingly similar for dermal exposure when compared to respiratory exposure (2.55 vs 2.41, 1.98 vs 2.00 and 1.47 vs 1.43). There appeared to be no evidence for earlier suggestions in the literature that the between-worker variability for dermal exposure would be larger than for respiratory exposures. Also similar to respiratory exposures, dermal exposures (for a particular body- location) tend to vary more from day to day than between workers. This refutes the OECD suggestion that for dermal exposure the variability between workers is generally greater than that encountered when monitoring the same worker. The notion that the between-body-location variance component was the largest as suggested by de Cock et al. (1998) in a study among fruit harvesters was further corroborated in our study with similar evidence from other agricultural and industrial studies. However, it was 95 : ratio of the 97.5th and 2.5th percentiles of the within-worker distribution also shown that body-location variability was less than the day-to-day variability when the hand wash method was applied. The fact that only two similar body-locations (both hands) are measured and the fact that the total skin area represented by this method is 100%, instead of a few percent when using dermal pads, explains this finding.
The results for the transfer of contamination from surfaces to the skin revealed that between-worker variability within groups of workers in agriculture was absent (see Table 5 ). The most likely explanation for this phenomenon can be traced to the fact that most of these agricultural groups consisted of re-entry workers with similar task contents and an omnipresent source of contamination (dislodgeable foliar residue). In industrial situations more variability in average dermal exposure was present between workers from the same group that can presumably be related to more differentiation in task contents and sources of exposure.
The results also show that part of the temporal variability can be accounted for by the sampling method applied. The surrogate skin pad method exhibited more day-to-day variability than the hand wash method most likely due to non-uniform distribution of exposure for a specific body location in combination with the relatively small surface area of the pad. This implies that more repeated measurements should be taken over time when applying the pad method than when the hand wash method is being used. Larger pads (as has been suggested by OECD) or multiple pads are an alternative solution. The twoway analysis of variance showed that the temporal variance component disappeared when multiple pads were used on different body-locations simultaneously. With no real temporal variability present (the apparent temporal variability is caused by sampling error), it is expected that production and environmental factors showed no influence on the day-to-day variability. The differences in average dermal exposure of individual workers on the contrary were influenced by these variables and measurement strategy related variables. These findings are in sharp contrast with Temporal, personal and spatial variability in dermal exposure the findings for inhalation exposures were basically the opposite was noticed (Kromhout et al., 1993) .
Using estimates of variance components from earlier studies in similar industries or even the same companies turned out to be risky. The dermal exposure data from the rubber manufacturing industry appeared not to be stationary.
The DERMDAT database has very limited power for generalisation. The majority of the data comes from small groups (as small as one per farm) from agriculture. Therefore the estimates of the variance components will be very imprecise (Symanski et al., 1994) . Furthermore, source strength in agriculture is often not stationary (Boleij et al., 1991) . This could result in an increased day-to-day variability that would be less relevant for industrial exposure situations. Some evidence for increased temporal variability in dermal exposure in agriculture was apparent from our database. Also, purely random measurement strategies were very infrequently applied and as was shown this affected the variance components.
Further limitations were present with regard to compartments measured (skin and outer clothing), exposure scenarios (deposition, transfer) and measurement method (basically only one: surrogate skin).
So, in order to arrive at more general insights in dermal exposure variability and its consequences for measurement strategies more data should be made available or collected. Especially, more individuals should be measured per group, longer observation periods (>1 week) are needed and more 'true' random sampling strategies should be applied. Unfortunately, existing protocols are rather restrictive with regard to the above mentioned points. These protocols generate in general large amounts of quality control data (Fenske and Teschke, 1995) and most often the data is coming from semi-experimental settings. The existing protocols predominantly cater for regulatory agencies engaged in risk assessment of particular chemicals (e.g. pesticides). Dermal exposure assessment strategies for epidemiology and hazard control should, however, be developed based on knowledge of temporal, personal and spatial variability. Regrettably, a comprehensive picture of these crucial factors is still far away. Prospective epidemiological studies and studies focusing on hazard control should therefore, for the time being, start with pilot studies to determine these factors in order to optimise exposure assessment methods and strategies. The implications of the estimated variance components for the actual measurement strategy will depend on whether systemic or local effects of dermal exposure are being studied. In addition, de Cock et al. (1995) have suggested that penetration rates might be different for specific body locations. Considerations like these will next to the variance components, eventually determine the measurement strategy for a particular study on dermal exposure. 
